In this paper we present a study of the ozone hole as observed by the Infrared Atmospheric Sounding Interferometer (IASI) on-board the MetOp-A European satellite platform from the beginning of data dissemination, August 2008, to the end of December 2010.
Introduction
Global monitoring of ozone (O 3 ) is essential as it plays an important role in the chemical processes occurring in the atmosphere and has a major impact on the climate. In the troposphere ozone is considered to be one of the primary air pollutants and main greenhouse gases and in high pollution areas it has been shown to have significant negative impacts on human health and local ecosystems (Slaper et al., 1996) . In the stratosphere however, where ozone concentrations greatly exceed those of the troposphere, ozone works to protect the Earth by absorbing the sun's harmful ultraviolet (UV) radiation.
Since the mid 1980s a noticeable depletion of stratospheric ozone has been observed annually over the Antarctic region during polar spring (August, September, October and November) . Annual ozone concentrations of less than 100 DU (Dobson Units) have been recorded during this time. Studies have established that during this period the ozone hole extends over a large part of the Antarctic region and increases the level of UV radiation reaching the Earth's surface in the ozone hole region (Newman et al., 2007) . This in turn leads to adverse impacts on human health in parts of South America (de Laat et al., 2010; Slaper et al., 1996) .
Ozone loss rates are determined by the concentrations of active chlorine, bromine, nitrogen and hydrogen oxides present in the atmosphere. It is thought that inside the polar vortex approximately 60 % of the ozone destruction is caused by the release of active chlorine and the remainder by the release of bromine, hydrogen and nitrogen (Feng et al., 2005 (Feng et al., , 2011 . During polar night a polar vortex forms over Antarctic, holding the air mass within. The lack of sunlight leads to reduced temperatures in the lower stratosphere. When temperatures below 195 K and 188 K are reached, type 1 and type 2 polar stratospheric clouds (PSCs) can form (Maturilli et al., 2005) . Heterogeneous reactions can take place on the surface of PSCs resulting in the release of active chlorine which is a key element in the catalytic destruction of ozone over the Antarctic when the sun comes back. Furthermore nitric acid (HNO 3 ), a byproduct of the heterogeneous reactions remains within the PSCs, which are lost from the stratosphere via sedimentation. This denitrification process results in the unavailability of NO x to sequester the active chlorine species.
The Montreal protocol and its amendments were enacted to protect the ozone layer by phasing out the production of ozone depleting substances containing chlorine and bromine. At the most recent scientific evaluation of the effects of the treaty it was demonstrated that there is evidence of a decrease in the atmospheric burden of ozone depleting substances and that there are some signs of early stratospheric ozone recovery (WMO, 2010) . Thus the monitoring of the Antarctic ozone is critical in order to evaluate the effectiveness of this treaty. In general observations provide very good constraints in our understanding about various chemical and dynamical processes on ozone.
Satellite data are used to validate Chemistry Climate Models (CCMs), which are used to predict future ozone changes (See chapter 6 from SPARC 2010 and for Antarctic ozone changes see Austin et al., 2010) .
Since the discovery of the ozone hole in the 1980's the monitoring of long-term change and variability in ozone levels in the Antarctic have been intensified (WMO, 2002; WNO, 2010) . Measurements provided by ground based monitoring stations are limited both in time and space. Satellite measurements can complement these existing insitu measurements by providing a unique perspective from which to view the ozone hole, having the capability of providing daily and global long term measurements. Current ozone depletion monitoring relies on UV-vis instruments onboard satellites such as GOME (Global Ozone Monitoring Experiment), SCIAMACHY (SCanning Imaging Absorption spectroMeter for Atmospheric CartograpHY) and OMI (Ozone Monitoring Instrument), (Van Roozendael et al., 2006; Bovensmann et al., 1999; Liu et al., 2010) . The lack of nighttime measurements is a severe limitation for UV-vis instruments when it comes to the monitoring of the ozone hole. As a result these instruments have large data gaps which can be filled using assimilated data (e.g. Kiesewetter et al., 2010 Kiesewetter et al., , van der A, 2010 . Nadir-looking thermal infrared (TIR) sounders such as IASI (Infrared Atmospheric Sounding Interferometer) onboard MetOp-A complement the available datasets, with the advantage that both day and night time measurements are available at high spatial resolution. Here we present a comprehensive study of the ozone hole as viewed by IASI since the beginning of its operation and data dissemination (2008, 2009 and 2010) . After a description of the instrument characteristics and the retrieval process (Sect. 2), a detailed description of the Antarctic ozone hole as observed by IASI is provided (Sect. 3). In Sects. 4 and 5 we evaluate the IASI ozone total column and profile observations along with GOME-2 (which is also onboard the MetOp-A satellite platform) data and in-situ measurements from ground based stations.
Ozone retrievals from IASI spectra

The IASI instrument
The IASI instrument is a high resolution, nadir viewing Fourier transform spectrometer measuring in the thermal infrared part of the spectrum, between 645 and 2760 cm −1 . It was launched onboard the sun synchronous polar orbiting MetOp-A satellite platform on 19 October 2006. The IASI field of view is composed of 2 × 2 circular pixels each with a ground footprint of 12 km at the nadir (taken every 50 km) and it has an across track scan with a swath width of 2200 km. It is characterized by a spectral resolution of 0.5 cm −1 (apodized) and a spectral sampling of 0.25 cm −1 . Depending on the surface temperature and spectral range the retrieved spectra have low radiometric noise estimated to be within the 0.1-0.4 K and around 0.2 K in the ozone 10 µm region. Due to its large spatial coverage, combined with its low radiometric noise IASI provides twice daily global measurements of key atmospheric species enabling the analysis of species concentrations, global distribution and transport such as O 3 HNO 3 (Wespes et al., 2009) . Other reactive species which are retrieved include carbon monoxide (CO) Pommier et al., 2010) , methane (CH 4 ) , sulphur dioxide (SO 2 ) (Clarisse et al., 2008) , ammonia (NH 3 ) ), methanol (CH 3 OH) and formic acid (HCOOH) Razavi et al., 2011) . For a full detailed overview of the IASI instrument, its specifications and trace gas species that can be retrieved see Clerbaux et al. (2009) .
The IASI mission delivers approximately 1.3 × 10 6 spectra per day, which are disseminated via Eumetcast, the EUMETSAT data distribution system, 3 h after observation. The amount of absorption contained in each spectra depends on the trace gas concentration of interest and other parameters such as surface emissivity, temperature profile, other atmospheric components which may interfere with the signal (other trace gases, clouds, aerosols, etc.) and also the characteristics of the instrument itself (spectral resolution, footprint, radiometric noise). To retrieve information about specific atmospheric trace gases from these spectra a retrieval scheme is needed. Figure 1 shows part of the intense (high absorbing) ozone band around 9.6 µm used for retrievals. The black and red spectra represent the observed and fitted IASI spectra respectively. Both spectra clearly portray the characteristic lines in the spectrum associated with ozone absorption in the 960-1075 cm −1 spectral window. The grey line shows the difference between the observed and fitted spectrum. The level of instrumental noise (dashed line) is also provided for comparisons. From these spectra we retrieve both columns (total and partial) and profiles from 0 to 40 km altitude. Retrievals are performed for scenes with cloud coverage of less than 13 %, using the EUMESAT operational Level 2 (L2) cloud coverage information, temperature and humidity profiles.
IASI ozone retrievals
The challenge in developing an ozone retrieval scheme is that it should enable the fast delivery of a global, near real time product from the more than 1.3 million IASI observations per day, which are disseminated via the Eumetcast antenna system (Eumetsat, 2011) . In a previous study by , systematic retrievals of ozone total columns were performed using an algorithm based on the Neural Network (NN) technique (Turquety et al., 2004) . For the early stage IASI processing only measurements with a scan angle less than 32 • on either side of the nadir were considered, and specific issues were identified over icy and sandy surfaces due to the difficulty to properly train the network with insufficient knowledge of the actual emissivity. While IASI provides a good global overview of the distributions and concentrations of ozone, the issues discussed above made it difficult to focus on particular locations such as the Antarctic. This is an area where not only were there large gaps between each overpass but also data gaps at the poles. Boynard et al. (2009) found that in general IASI ozone total columns were in good agreement with both GOME-2 and with the Brewer and Dobson ground based instruments with correlation coefficients of 0.9 and 0.85 respectively. They also found that IASI had a positive bias of about 3.3 % when compared to both GOME-2 and the ozone sondes measurements.
To allow the processing of more IASI data at any location the FORLI (Fast Optimal Retrievals on Layers for IASI) O 3 retrieval code was developed at the Université Libre de Bruxelles (ULB) to continuously retrieve ozone profiles from the IASI radiance spectra . Figure 2 shows an ozone total column distribution above Antarctica averaged over 3 days at the peak of the 2009 ozone hole (4-6 September), retrieved from the NN scheme (left panel) and from the FORLI-O3 scheme (right panel). It clearly highlights the improved capability of IASI to capture the spatial variability of total ozone columns in the Antarctic region. The FORLI scheme, unlike the initially developed NN scheme, has no limit on scan angle width, and can adjust the surface temperature, and thus processes all the data resulting in a much greater spatial coverage. For the forward (radiative transfer) model, the code uses pre-calculated look up tables (LUTs) of absorbance at various pressures and temperatures in the spectral region of the ozone band, (960-1075 cm −1 spectral region, see Fig. 1 ). LUTs greatly minimize the computational time necessary for the retrieval of such a huge quantity of data. These tables are pre-computed on a logarithmic grid for pressure (4.5 × 10 −5 -1 atm) and on a linear grid for temperature (162.8 K-322.64 K) and relative humidity for the water vapour table, using the HITRAN databases (Rothman et al., 2005 (Rothman et al., , 2009 ). The Level 2 temperature data distributed by the Eumetcast system are used as input data for the code as well as surface emissivity from the MODIS/TERRA and IASI climatology (Wan, 2008) .
The retrieval scheme is based on the Optimal Estimation Method (OEM) (Rodgers, 2000) and was developed for the retrieval of ozone profiles from high resolution nadir infrared radiances (e.g. Coheur et al., 2005) . This method gives the optimal solution for a state vector x (in this case the O 3 profile), based on a given measurement y, the IASI radiance spectra, the accuracy of which is defined by an error covariance matrix S ε and the equation y = F (x,b)+ε, where F is the forward radiative transfer model, b represents the model parameters affecting the measurement and ε is the measurement noise.
Solving such a problem is complex as there can be many solutions that fit the observations. In order to find a meaningful solution it is necessary to constrain the results with some a priori information, by choosing the a priori profile x a that represents the expected average profile and S a the covariance matrix that ideally represents the true variability of the species about the average. The solution can be found by iteratively applying:
The matrix D y is the matrix of contribution factors or gain matrix and the error covariance of the solution is given by S t+1 . The iteration starts with some initial estimate of the state, the a priori information x a , and the covariance matrix S a , and terminates when convergence is reached.
The choice of a priori information is an important step for the construction of the retrievals in the infrared. The FORLI-O3 a priori profile and associated covariance matrix were constructed using the Logan/Labow/McPeters climatological database (McPeters et al., 2007) . This ozone climatology is altitude dependent and consists of monthly averaged ozone profiles for 10 • latitude zones from 0 to 60 km. This climatology is a combination of data from the Stratospheric Fig. 3 . Illustration of two IASI radiance spectra, taken over the Antarctic. The blue spectrum is representative of spectra over the ocean close to the Antarctic and the red spectrum over the Antarctic continent itself. Inset into the figure are the same spectra but shown for a narrower spectral range where ozone absorbs. See Fig. 4 for the location of both measurements.
Aerosol and Gas Experiment II (SAGE II; 1988 -2001 , the Microwave Limb Sounder (MLS; 1991 and data from ozone sondes (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) . Such a global climatology aids in the construction of a priori information as it represents a good approximation of the average state of the atmosphere.
To allow for a useful comparison with other data sets, a smoothing of the true retrieval state is necessary and is characterized as follows by Eq. (2).
wherex is the retrieved profile, A is the averaging kernel matrix, x is the true profile and x a is the a priori profile. The averaging kernels indicate the measure of sensitivity of the retrieved statex to the true state x. The trace of A, representing the degrees of freedom for the signal (DOFs), measures the number of independent pieces of information available from the retrieval and gives an estimation of the vertical sensitivity of the retrievals. FORLI-O3 generates ozone partial columns in 40, 1 km thick layers, along with the associated averaging kernels and errors matrices.
3 The Antarctic ozone hole as seen by IASI Figure 3 shows two IASI infrared spectra taken over the Antarctic in September 2009 and the ozone absorption band for each spectrum is highlighted in the inset. The blue spectrum is representative of spectra over the ocean close to main land Antarctica and the red spectrum is representative of those taken over the Antarctic continent itself (both measurements are located in map plots provided in Fig. 4 , marked B and A respectively).
Over the ocean the spectrum shows significant strength in the ozone absorption band in the thermal infrared. However, over the ice caps, although the ozone band is observed, it is weaker and the absorption lines seem to disappear as part of the vertical information is lost because of the low ozone content.
A global distribution of the DOFs and the averaging kernels associated with each of these spectra are depicted in Fig. 4 .
This figure highlights the difficulties in retrieving ozone concentrations over the Antarctic region. As previously discussed, the DOFs are a measure of the vertical sensitivity of the measurement, i.e. the higher the number of DOFs the more vertical layers can be discriminate. Figure 4 (left) shows that over the ocean, the DOFs generally range between 3 and 4, while over the ice caps the DOFs range between 1 and 2. Because of the weaker signal over the ice, part of the vertical information is lost. These results indicate that care is needed when selecting spectra over the Antarctic land mass. As shown in Fig. 4 , the averaging kernels associated with the measurement over the ocean are better defined (DOFs of 3.3) than those associated with the measurement taken over the ice (DOFs of less than 1.5). Fig. 4 . IASI DOFs distribution above Antarctica (grey is for no data), along with averaging kernel functions for partial columns of different altitudes characterizing the retrievals from spectra shown in Fig. 3, over land (A) and over ocean (B) , respectively.
The ozone hole area is defined as the region located south of 40 • S where ozone values fall below the threshold value of 220 DU (WMO, 2002) . Recent studies have shown that during the 1980s the ozone hole over Antarctica expanded rapidly, this expansion slowed in the 1990s. In the last few years this expansion and ozone loss rates have appeared to level off (Newman et al., 2009; Austin et al., 2010) . Figure 5 shows an example of ozone maps over the Antarctic during the ozone hole period. The maps plot the weekly averaged IASI ozone total columns on a 1 • × 1 • grid for September of 2008, 2009 and 2010. This period marks the time when the ozone hole area approaches maximum. Such distribution maps show that the size, shape and evolution of the ozone hole can be clearly monitored. Figure 6 depicts the daily evolution of IASI total ozone (black lines), retrieved from FORLI-O3 and averaged over 5 • latitude bands from 50 • S to 90 • S, from the beginning of August 2008 to the end of December 2010. It is worth noting here that FORLI-O3 algorithm has been upgraded several times since its development and as such this data set was obtained using slightly different versions of the algorithm. The changes between the different versions are minor and should not impact this study. The shaded grey area represents the standard deviation (±σ ) about this average. Apart from a few spurious points, the spread of the data is minimal for all periods outside the ozone hole period. The highlighted blue area represents the ozone hole period, August to December of each year. This figure clearly illustrates the seasonal cycle of ozone reduction over the Antarctic during polar spring (WMO, 2010) . For all years distinct features exist. One such feature is that the ozone hole itself forms annually south of 60 • S. Another is that north of 60 • S there is a noticeable rise in ozone concentrations during the ozone hole periods which are representative of the edge of the vortex surrounding the ozone hole. Moving southwards it is also evident that the decrease in ozone concentrations and the longevity of the hole itself become more pronounced. Each year the peak of the ozone hole occurs by mid September and at this time ozone concentrations are seen to decrease by more than 50 % south of 75 • S to approximately 150 DU.
Despite these well observed trends there are some interannual variations. In 2009 there was a sharp increase in ozone concentrations in mid October (circled areas) that is not visible in 2008 or 2010. Figure 7 illustrates that during this period the ozone hole became more elliptical in shape and off-centre relative to the South Pole. This is usually caused by enhanced planetary wave activity leading to a perturbation of the polar vortex and an increase in ozone transport (e.g. Weber et al., 2003; von Savingny et al., 2005) . By 22 October the polar vortex had reverted back to the more standard circular rotation and ozone concentrations returned to levels similar to those before the perturbation. In 2010 there was a relatively slow start to the ozone hole formation (the beginning of September as opposed to mid August) in comparison with other years (see Fig. 6 ). This was mainly due to higher than average temperatures in the stratosphere over the Antarctic resulting in the reduction in the volume of polar stratospheric clouds in mid to late August of this year. Also in 2010 the ozone hole period extended into late December with ozone values not rising above the 220 DU threshold until 21 December. For this 3 yr study the ozone hole area was at its largest for this time of the year. showing the evolution of the total for each day at 5 degree latitude increments from 50 • S to 90 • S. The daily measurements are described by the black line, the shaded grey represents the standard deviation about the average and the shaded blue area represents the ozone hole period. Version 1, 2, 3 and 4 (V1, V2, V3 and V4 respectively) are different versions of the FORLI-O3 program, numbered according to the date they were implemented (vertical lines). The circled areas highlight some inter-annual variability which is discussed in the text. Fig. 8 . Evolution of the ozone hole area (defined as the area with less than 220 DU) as measured from IASI (solid line) and GOME-2 (dashed line) for 2008 (green), 2009 (blue) and 2010 (red). This data set is compiled from weekly averaged data from 1 • × 1 • degree resolution datasets. was at its greatest with an area size of approximately 24 million square kilometers. For 2010 (red) the ozone hole area expansion began in the beginning of September, much later than previous years and its maximum area reached 21 million square kilometers. However despite 2010 being less severe, its area declined less rapidly than in the previous years with the ozone hole period extending well into late December before dissipating off.
Comparison with GOME-2 ozone total columns
As previously discussed, the UV-vis instrument GOME-2 is also on board the MetOp-A platform. In this section we compare IASI and GOME-2 ozone total column retrievals during the Antarctic ozone hole. GOME-2 is a UV-vis, cross track, nadir viewing spectrometer working in the 240-790 nm spectral range. It has a default field of view of 80 × 40 km 2 and it has a swath width of approximately 1920 km providing almost daily coverage at the equator. The GOME-2 total ozone column is calculated as a vertically integrated ozone profile based on the vertical ozone profile retrieval algoritm OPERA developed and run operationally in near real time by KNMI in the framework of the EUMETSAT O3MSAF.
For this study both IASI and GOME-2 total column ozone distributions were averaged to a 1 • × 1 • grid. As the GOME-2 measurements are not available during polar night, IASI observations during this period without sunlight were excluded from the following analysis.
The ozone hole area as observed from GOME-2 for 2008-2010 is presented in Fig. 8 . It is clear that in general IASI and GOME-2 compare quite well, observing similar peaks and similar beginning and end periods during these 3 yr. GOME-2 however did measure a marginally larger ozone hole for all 3 yr with the maximum difference of 7.5 % measured between the two instruments in 2008. Figure 9 shows the monthly mean distributions of total ozone for both IASI and GOME-2 (first and second columns respectively) over the Antarctic region for the ozone hole season, August to November 2009. Despite the effect of GOME-2 being unable to measure during polar night, both instruments show similar results. As expected for each month maximum total ozone is observed at the edge of the polar vortex and minimum total ozone is observed within the ozone hole. The temporal and spatial evolution of the ozone hole throughout the period is also well observed by both instruments.
The third column in Fig. 9 presents the percentage difference between IASI and GOME-2. Despite both instruments observing similar features for all months, IASI in general measures between 5 %-10 % higher ozone than . The black data below 220 DU and above 320 DU represent the low ozone values within the ozone hole and the higher values associated with the edge of the vortex respectively. The grey data represents all other data south of 45 • S, the area for which the ozone hole is defined, which do not lie within the hole or vortex regions. The linear regressions (solid red line), confidence intervals (dashed red lines) and 1:1 ratios (dashed green line) are also represented. The average bias is also presented. GOME-2. The predominant difference occurs during the August and September periods where IASI has a positive bias of between 20 %-30 % surrounding the ozone hole core, where for these periods GOME-2 measures a larger decrease than IASI within the ozone hole itself. In November there is a negative bias within the hole area as IASI measures a slightly larger elongated ozone hole than GOME-2. Inside the hole for all months a positive bias of approximately 7-8 % is also observed as IASI measures larger concentrations than GOME-2. However in general the difference between the two instruments remains below 10 %. Previous studies (e.g. Schneider et al., 2008; Anton et al., 2011) have shown a similar bias (of approximately 5 %) between TIR and UVvis observations and this may be due to discrepancies of spectroscopic parameters betweeb the UV and TIR spectral regions. A recent study by Massart et al. (2009) , also found that IASI tends to overestimate the ozone total columns by 2-8 %, in comparison to a model forced by the total columns retrieved from MLS (MicroWave Limb Sounder) and SCIAMACHY (Scanning Imaging Absorption spectrometer for Atmospheric Cartography). Figure 10 presents a statistical comparison between IASI and GOME-2 ozone total columns that was performed for September, October and November of 2009. The correlation coefficients and the bias about the mean are inset into the graph for each month. The black data below 220 DU and above 320 DU represent ozone values inside and at the edge of the ozone hole respectively. The grey data represents all other data south of 45 • S. The linear regression for each month (solid red lines), the confidence intervals (dashed red lines) and the 1:1 ratio reference line (dashed green line) are also presented in the figure. It is clear from the strong correlation coefficients for each month (r 2 = 0.967, r 2 = 0.973 and r 2 = 0.975) that IASI and GOME-2 are closely comparable throughout the entire ozone hole region and period. Based on these regression lines IASI shows a slight positive bias as discussed before.
Both instruments compare quite well, though slight differences in the measurement of the ozone hole area and shape by IASI and GOME-2 give rise to some spurious data points in this region. This is particularly the case in October and November where GOME-2 measures some higher ozone concentrations than IASI in the ozone hole. Though as already discussed above there is an identified bias between the two instruments and efforts should be made to fully understand this, some differences between the instruments can be attributed to the different modes of observation which have not been accounted for in this analysis. For example both instruments have a different ground footprint and observation geometry and thus are subject to different cloud contamination and probe different air masses. Both instruments also have different vertical sensitivities, IASI has a maximum sensitivity to the ozone profile in the upper troposphere -lower stratosphere while GOME-2 has a maximum sensitivity in the stratosphere. It is worth noting that IASI relies on the a priori climatology when low levels of ozone occur, eg inside the ozone hole.
Comparison with ozone sondes
The in-situ ozone-sonde profile measurements used in this study are from the World Ozone and Ultra Violet Radiation Data Centre (WOUDC) data base and the location indicated in Fig. 11 , WMO no. 339) in blue, red and green respectively. Each station is equipped with electrochemical concentration cell (ECC) ozone-sondes which utilize the oxidation reaction of ozone with potassium iodide to determine the ozone profile. These ozone-sondes measure up to 30 km altitude.
It should be noted that over this particular region finding a triple collocation between IASI, GOME-2 and an ozone sonde was not possible because ozone sonde measurements are not daily and GOME-2 due to its geometry may be scanning a different location from IASI and the ozone sonde. The primary challenge of comparing IASI and ozone sonde measurements is the relatively small number of co-incident measurements between satellite and sondes in the Antarctic. A set of strict co-incidence criteria were applied. Only those measurements that were co-located in space to within 0.5 • and co-located in time to within 6 h were chosen. For the cases where two or more such IASI profiles met the criteria, a mean profile was calculated for the comparison.
Secondly, the difference in vertical resolution and sensitivity between the two data sets were accounted for. The IASI averaging kernel and a priori constraints were applied to the ozone-sonde data following Eq. (2), producing a vertical profile that represents what IASI would measure for the same air sampled by the sonde. For a more in-depth description of this method see Rodgers (2000) . Comparisons between IASI and ozone sonde profiles measured within the ozone hole at the Neumayer (left) and Davis (right) stations for different days of September 2009. The IASI a priori is represented by the black dotted line. The IASI profile is an averaged profile of between 5 and 10 profiles (depending on the location), co-located in time and space to the ozone sonde measurements (raw data interpolated at the IASI altitude). The ozone sonde profile (in grey) has been convolved with the IASI averaging kernels (in red). Note that the a priori profile here has been converted from mixing ratios (independent of temperature and pressure) to density (dependent on temperature and pressure). Thus if temperature and pressure change from one location or day to another, different a priori profiles in density will be found.
Finally it should be noted that the sonde data are supplied in units of ozone partial pressure on a vertical scale of atmospheric pressure while the IASI data are supplied in molecules cm −3 on a vertical scale of atmospheric height. Therefore before the ozone-sonde data can be convolved with the IASI averaging kernels, the vertical scales and the units must be homogenized via a simple extrapolation and unit conversion as follows:
where n is in molecules cm −1 , P part is the ozone partial pressure in hPa, k is the Boltzmann constant (1.3807 × 10 −23 J K −1 molecule −1 ) and T (retrieved) is the temperature in K. Figure 12 shows an example of an IASI and ozone-sonde profiles (blue and red profiles respectively) taken from within the ozone hole during September 2009. The IASI a priori profile (dotted black profile) is also represented for each location. As previously discussed in Sect. 2.2 retrieving ozone profiles with IASI over the ice can prove difficult thus it should be noted that the averaging kernels for each collocation between IASI and the ozone-sonde were closely studied and only those measurements with well defined averaging kernels (i.e. that are equally distributed vertically for better vertical coverage) and DOFs greater than or equal to 3 were chosen for this comparison.
The same features are observed by both instruments such as the notable decrease in ozone concentrations between 15-20 km, however IASI slightly overestimates in the lower troposphere for all cases.
Inside the ozone hole (Fig. 13) for the USH and Davis stations IASI compares well to the convolved ozone sondes with only marginal differences in shape and magnitude. In the troposphere there is almost no difference while in the stratosphere IASI slightly overestimates in comparison to the USH station and underestimates for the Davis station. IASI and the sondes compare to within 20 % and within 30 % for the other two cases. This demonstrates just how accurately IASI can estimate the shape and size of ozone profiles during the ozone hole period. Comparison between IASI and ozone sonde profiles measured in the Antarctic vortex at the Davis and USH stations for different days in September 2009. The IASI a priori is represented by the black dotted line. The IASI profile is an averaged profile of a number of profiles co-located in time and space to the ozone sonde measurements. The ozone sonde profile (in grey) has been convolved with the IASI averaging kernels (in red).
Summary and conclusion
This paper presents an assessment of the capabilities of IASI to perform continuous, precise measurements of the ozone hole. IASI will fly continuously for the next 10 yr (on MetOp-B and -C). As already reported for CO in Pommier et al. (2010) , polar regions are at the same time easy to observe as they are well covered by the MetOp polar orbiting satellite, but on the other hand difficult to process due to the specific low temperature and thermal contrast conditions and frozen surfaces that impact the radiance spectra. In this work, the FORLI-O3 retrieval scheme was utilized. This retrieval algorithm allows the processing of global distributions of ozone two times per day, in near real time, from all the IASI spectra with cloud contamination of less than 13 %.
In this work we analyze the IASI ozone total columns distributions over the Antarctic to study the ozone hole evolution in 2008, 2009 and 2010. Our results highlight the capability of IASI to capture very precisely the short term spatial and temporal variability of the ozone hole development, also during polar night. Data comparisons between IASI and GOME-2 observations of the ozone total column were performed for the three ozone hole periods and showed excellent agreement for both the timing and area of the ozone hole. A detailed comparison for 2009 provided correlation coefficients of 0.97 for September, October and November. IASI showed an average positive bias of approximately 7 %. This is in line with previous research by Boynard et al. (2009) who found an average positive bias of between 3 %-5 % on a global scale.
The retrieval of ozone vertical profiles from IASI spectra collocated with ozone sonde measurements for September 2009 was also performed. Here we found that IASI showed good agreement with the sonde measurements from the troposphere to the stratosphere, with the difference between IASI and the sondes being less than 30 % inside the ozone hole. IASI was also found to be very sensitive to the ozone profile in the lower stratosphere between 15-20 km, remarkably capturing the vertical extent of the ozone hole, as shown by the good agreement with the ozone sondes.
Such continuous IASI ozone measurements are complementing existing data in the long term trend assessment of ozone which suggests that the ozone hole expansion and ozone loss rates have appeared to have stopped (WMO, 2010) .
Work is in progress to combine the IASI and GOME-2 profile products to derive improved profiles. Theoretical studies have shown that improvements in measuring the troposphere could be achieved via the combination of complimentary UV and TIR measurements (Zhang et al., 2010; Worden et al., 2007) .
